We report the calculation of the H-, Br-, and I-abstraction channels in the reaction of OH radicals with bromoiodomethane CH 2 IBr. The resulting energy profiles at 0 K were obtained by high-level all-electron ab initio methods including valence and core-valence electron correlation, scalar relativistic effects, spin-orbit coupling, spin-adaptation, vibration contributions, and tunneling corrections. In terms of activation enthalpy at 0 K, the energy profile for the Br-abstraction showed that this reaction pathway is not energetically favorable in contrast to the two other channels (H-and I-abstractions), which are competitive. The H-abstraction was strongly exothermic (−84.4 kJ mol −1 ), while the I-abstraction was modestly endothermic (16.5 kJ mol −1 ). On the basis of our calculations, we predicted the rate constants using canonical transition state theory over the temperature range 250-500 K for each abstraction pathway. The overall rate constant at 298 K was estimated to be 3.40 × 10 −14 and 4.22 × 10 −14 cm 3 molecule −1 s −1 for complex and direct abstraction mechanisms, respectively. In addition, the overall rate constant computed at 277 K was used in the estimation of the atmospheric lifetime for CH 2 IBr. On the basis of our theoretical calculations, the atmospheric lifetime for the OH removal process is predicted to be close to 1 year. In terms of atmospheric lifetime, the OH reaction is not competitive with the Cl reaction and photolysis processes.
Introduction
Chemical reactions associated with the atmospheric iodine have attracted increasing attention of experimentalists and theoreticians in recent years. The role of iodine in tropospheric chemistry has been documented in a number of papers over the last four decades, showing that most of the organic iodine in the lower part of the atmosphere is coming from the ocean [1] [2] [3] [4] [5] [6] . The marine boundary layer (MBL) with algae and seasalt aerosol is considered as the strongest source of halogens with CH 3 I as the dominant species with the highest mixing ratio and longest lifetime. Halogenated methanes are produced mainly by algae and phytoplankton [4, [7] [8] [9] and to lesser extent via the photochemical production in ocean water [10] [11] [12] . Algae appear to constitute also a source of multi-halogenated species [13, 14] . Besides the MBL origin, there are also non-negligible anthropogenic emissions of iodine coming from rice paddies [15] and possibly biomass burning [16] [17] [18] [19] . Total iodine fluxes to the atmosphere are uncertain but are thought to be on the order of hundreds of Gg per year [20] . Iodomethanes and molecular iodine can be readily photolysed by solar radiation reaching the troposphere to release iodine atoms. Iodine atoms may directly influence tropospheric levels of ozone in the same manner as do chlorine and bromine [2] and indirectly through the reactions with HO 2 /OH and NO 2 /NO [21] and hence affect the oxidizing capacity of the atmosphere [4, 22] .
Recently, other iodine-containing organics, larger alkyl iodides and multiple halogenated methanes such as CH 2 I 2 , CH 2 ICl, and CH 2 IBr have been also identified in the MBL air and/or in surface sea water [14, 19, [23] [24] [25] [26] [27] . In addition to these species, laboratory data showed that also CHClI 2 and CHI 3 are produced from the reaction of marine dissolved organic matter with HOI or I 2 , which are formed at the sea surface when ozone reacts with dissolved iodide. Carpenter and co-workers [19, 23] pinpointed the potential importance of CH 2 IBr in coastal region due to its lifetime of the order of hours.
Calvert and Lindberg [28] performed computer simulations on the tropospheric chemistry of iodine-containing compounds in the polar spring. Their results showed potential enhancement of ozone depletions through the presence of iodine-containing molecules (I 2 , IBr, ICl, CH 2 I 2 , CH 2 IBr, CH 2 ICl, and CH 3 I). In addition, photolabile iodocarbons with two chromophores (CH 2 I 2 , CH 2 ICl, and CH 2 IBr) released from marine biota are believed to be responsible for the formation of ultrafine particles in the coastal environments [29] . These particles can then act as cloud-condensation nuclei and thus catalyze cloud formation. The implementation of very short-lived oceanic sources and tropospheric chemistry of bromine and iodine in a chemistry-climate model was recently evaluated by Ordonez et al. [30] . Their results showed a good agreement with published observations in the MBL.
Atmospheric loss processes for iodoalkanes include photolysis and gas-phase reactions with Cl atoms and OH radicals. Rate coefficient data for reaction of OH with iodoalkanes have been experimentally determined for a series of alkyl iodides: CH 3 I [31] [32] [33] [34] . Literature data on halogenated species [20, 36] suggest an increase in the rate coefficient with increasing size of the alkyl iodide. Experimental rate coefficients for other multiply halogenated species (CH 2 ICl and CH 2 IBr) are not currently available although Orlando [20] estimated their reactivity to be small toward OH radicals.
All iodine-containing organic compounds possess fairly strong absorption features in the near-ultraviolet, and many of these species have a quantum yield near unity for photo dissociation to release an iodine atom [37] . The atmospheric photo dissociation rates of CH 2 IBr have been investigated [38] and showed that photolysis is a fast pro-cess with tropospheric lifetimes of an order of a few hours. To assess the role played by CH 2 IBr in atmospheric chemistry, kinetic and mechanistic information concerning their reactions with atmospherically relevant species such as OH radicals and Cl atoms is needed. Only the formation of the adduct in the reaction of Cl atoms with CH 2 IBr was measured as a function of temperature over the range 250-320 K using cavity ringdown spectroscopy [39] . No kinetic data are available in the literature. By analogy to the kinetics and mechanism of Cl atoms with CH 2 ICl [40, 41] , the reaction of Cl atoms with CH 2 IBr could be assumed to be extremely rapid. Its rate constant was estimated by Orlando [20] to be close to the one for the reaction of Cl with CH 2 ICl. The rate constant data for reaction of OH with CH 2 IBr are not available in the literature, although Orlando [20] estimated an upper limit value of 10 −13 cm 3 molecule −1 s −1 at 298 K. In partial fulfillment of this need, we report here the results of a theoretical study of the reactivity of OH radicals toward CH 2 IBr considering all possible abstraction channels:
High-level ab initio molecular orbital studies offer a viable alternative to provide reliable kinetic data for the gas-phase reactions. Modeling abstraction from iodinecontaining organic compounds is rather demanding task because, for predicting the kinetic parameters, one has to reach at least the chemical accuracy (±4 kJ mol −1 ). This implies to choose the computational chemistry tools that include all necessary and accurate corrections to molecular energies [42, 43] (basis set saturation, valence and core-valence electron correlation, relativistic effects, spin-adaptation, vibration contributions, and tunneling corrections). In these lines, we have performed our previous studies and investigated the reactivity of OH radicals toward CH 3 I and CH 2 I 2 [44] and CH 2 ICl [45] .
In this article, we will report the results of ab initio calculations obtained for the H-, Br-, and I-abstraction reactions of OH radicals with bromoiodomethane CH 2 IBr. Typically, the potential energy surface for the bimolecular gas-phase abstraction reaction can be simplified to the double-well energy profile with two minima corresponding to molecular complexes either on the reactant side (MCR) or on the product side (MCP) separated by the transition state (TS). To the best of our knowledge, this is the first time that the reactivity of OH radicals with CH 2 IBr has been studied.
Computational methods
The stationary points on the reaction profile (reactants, molecular complexes, and transition states) were determined using gradient optimizations with the second-order perturbation theory employing the Møller-Plesset partitioning of the Hamiltonian (MP2) [46, 47] in conjunction with the Dunning's triple-ζ correlation consistent basis set cc-pVTZ for light atoms [48] and Peterson's pseudo potential basis set of the same class on iodine [49] . All optimizations (including the frequency check) were performed with the Gaussian03 program [50] . The ab initio vibrational frequencies were multiplied by an appropriate scaling factor (0.950) [51] . Special care was taken to determine minimum energy pathways (MEPs), performing intrinsic reaction coordinate analyses (IRC) [52, 53] at the MP2/cc-pVTZ level of theory, in order to confirm that specific TS connects the different local minima. The two electronic states for OH radical are included in the calculation of its electronic partition function, with a 139.21 cm −1 splitting in the 2 Π ground state [54] . Single-point energy calculations at all the stationary points of the reaction profile were performed using the coupled cluster theory including single, double, and non-iterative triple substitutions (CCSD(T)) in the basis of canonical orbitals as implemented in the MOLCAS7.0 program [55] . This is an efficient parallel version of the CC-code, based on the restricted open-shell Hartree-Fock reference (ROHF). Since the CCSD procedure brings some spin contamination into the final wave function, we have used a simple spin-adaptation scheme of the dominant DDVV part of T 2 excitation amplitudes, leaving the T 1 excitation amplitudes non-adapted [56, 57] . Diagonal Fock matrix elements were used as denominators in the calculation of the triples contribution to the CCSD energy. For heavy atoms like iodine, one has to include at least the scalar relativistic effects in the calculation [58, 59] . The second-order spin-free Douglas-KrollHess Hamiltonian [60, 61] was applied to calculate scalar relativistic effects within the CCSD(T). This leads to the one-component spin-adapted approach, DK-CCSD(T).
Two types of relativistic contraction of the ANO-RCC primitive sets for H(8s4p3d1f), C/O(14s9p4d3f2g), Br(20s17p11d4f2g), and I(22s19p13d5f3g) were adopted in the single-point energy calculations. The first one corresponds to the valence quadruple-ζ contraction for H, C, O, and Br atoms: H[4s3p2d1f], C/O[5s4p3d2f1g], and Br[7s6p4d2f1g]. In the second contraction, we used the large contraction on iodine atom: I[10s9p8d5f2g] [62] . The full large contraction for all atoms would be a better approach but already the trade-off with the large set for iodine atom is at the limit of our computational resources. The semi-core correlation of the 4d electrons on iodine is automatically included when using ANO-RCC sets in MOLCAS. In order to minimize the possible basis set superposition error (BSSE), we have applied the modification of the Boys-Bernardi [63, 64] counterpoise (CP) correction as proposed by Xantheas [65] . This modification includes also the geometry relaxation when going from the subsystems to the supersystem. The CP correction is applicable to weakly interacting molecular complexes but not to TS, where it can lead to discontinuous potential surfaces [66] . The CP correction estimated in this way represents the error bars for reaction barriers.
The evaluation of BSSE using a modified scheme with geometry relaxation involves three times more calculations for each subsystem, making the BSSE calculations very demanding. To reduce the computational costs, we have used the OVOS (optimized virtual orbital space) method with controlled accuracy [67] . In the OVOS method, introduced by Adamowicz et al. [68, 69] and reformulated later by Neogrády et al. [70] , we perform unitary transformation of the virtual space such that we try to accumulate most of the flexibility of the complete virtual orbital space (VOS) into selected smaller subspace. In subsequent correlation calculations, we use only this truncated set of optimized virtual orbitals, what makes OVOS based computational schemes significantly less time-consuming. The optimization criterion for selecting the truncated virtual space is the maximum overlap of the first-order perturbative wave functions in the full and reduced virtual space. The application of the OVOS technique is similar to FNO (frozen natural orbitals) approach [71] [72] [73] , which can be considered as an approximation of the OVOS method [74] . In most of the OVOS applications, we need to evaluate MP2 energy both with full VOS and in reduced OVOS sets. Adamowicz et al. [68, 69] showed that the accuracy of the highly correlated OVOS based calculations is significantly improved when treating MP2 terms in complete VOS. It is useful to employ the so-called Y 2 correction [75] defined as a difference between MP2 energy in the full and reduced VOS, respectively:
The total energy is then defined as a sum of CCSD(T) energy calculated in reduced VOS and the Y 2 correction
That means only post-MP2 terms are calculated in truncated VOS. 
These relations can be used for specific application of the OVOS method for more efficient evaluation of BSSE, where OVOS is applied exclusively to the subsystems [67, 77] . Reducing the VOS to the size of the subsystem in BSSE calculations, we typically encounter an error of 10 −5 -10 −4 a. u. Dependence of the log |Y 2,MP2 | value on the size of virtual space, so-called "Y 2,MP2 error profile", can be obtained relatively easy for every studied system. From these error profiles, we can easily determine the size of the virtual space needed to reach a given accuracy (10 −5 a. u. in this work), which is negligible compared to the absolute value of the CP correction itself. For more detailed discussion on the procedure, see our previous paper [45] .
It is obvious, that this approach, when we directly control the absolute value of the error introduced by OVOS procedure [67] is slightly different from the traditional concept of OVOS applications. In typical OVOS calculations, we try to keep an absolute error of the method constant, but not necessarily negligible. Overall applicability of the OVOS procedure is dependent on the mutual error cancellation because final properties are always differences between absolute energies. Thus, we try to balance the size of the VOS reduction to obtain approximately the same error of all involved species. This is typically ensured by reducing VOS to the same percentage of the overlap functional in all calculations [74] [75] [76] . In a specific case of BSSE calculations, we can, however, achieve chemically negligible absolute energy errors for subsystems (in supersystem basis) even with significantly reduced OVOS. Thus, we can perform supersystem calculations in full basis set and subsystems within OVOS approach and subtract these values without affecting the accuracy of the BSSE correction.
Though the CCSD(T) approach is considered as a golden standard, providing a good balance between cost and accuracy, it is still possible to improve the CC energies estimating the effects of higher excitations, mimicking the FCI energies. We opted for the continued fraction approximation (cf) as proposed by Goodson [78] . The method works quite well even for stretched bonds, typical for TS and is applicable for molecules with smooth convergence in CCSD. We will apply cf-correction in the energetics of each studied pathway.
The inclusion of the spin-orbit (SO) correction is important for studying the reactivity of iodine-containing species [43] [44] [45] 79, 80] . The second-order spin-free Douglas-Kroll-Hess Hamiltonian was applied to calculate the scalar relativistic effects within the CASPT2 method. The SO correction was calculated using the restricted active space state interaction method (CASSCF/CASPT2/RASSI-SO [81] , shortly CASPT2/RASSI-SO) and employing the complete active space (CASSCF) wave function as a reference. In this manner, the SO effects represent an a posteriori correction based on the one-electron Fock-type spin-orbit Hamiltonian as an approximation to the spin-orbit coupling operator.
The values of the SO corrections to the calculated potential energies for all stationary points are collected in Table 1 . An inclusion of SO effects in the case of OH radical leads to splitting of the ground state of OH ( 2 Π i ) and lowering the energy by −0.833 kJ mol −1 . The calculated correction is in excellent agreement with the values either from Huber [54] or Hess et al. [82] (−0.833 kJ mol −1 ) and with the literature value from the NIST-JANAF thermochemical database [83] (−0.836 kJ mol −1 ). Considering the remaining species, the SO coupling between the ground state and the excited states is almost quenched, due to the large energy separation between them. In such cases, we consider the energy shift due to the residual SO stabilization or simply second-order SO effect. There are no literature data available for the stationary points collected in Table 1 except for the molecule HOI. In this case, our calculated SO correction for HOI (−5.94 kJ mol −1 ) is larger than the one obtained by Stevens et al. [84] using the one-electron effective spin-orbit Hamiltonian (−1.69 kJ mol −1 ). This is mainly because of different level of theory and active space used in calculations ((6e/5o) active space used by Stevens et al. [84] contrary to our (10e/7o) active space), as well as different optimized geometries.
The SO corrections for molecular complexes (MCR and MCP) are close to the ones obtained for reactants and products, respectively. The difference between these values does not exceed 1-2 kJ mol −1 . According to the Hammond's postulate [85] , the transition state structure is rather similar to reactants (reactant-like) for exothermic reactions, while in case of endothermic reactions it is more product-like. Spin-orbit splitting of the TS seems to obey the same rule. It can be best observed in the I-abstraction pathway where the differences in SO splitting of reactants, TS, and products are the biggest ones. Since this pathway is slightly endothermic (see Sect. 3), the TS structure should be productlike and we can expect a comparable SO effect as for products. This is clearly shown in Table 1 where we present also the molecular configurations of stationary points together with their corresponding SO corrections. The geometries of TS and MCP look like the ones of the products, the values of SO correction for TS and MCP approach the one of the HOI molecule. The conclusion is, that if one does not want to calculate values of SO corrections for all stationary points, then it is acceptable to calculate only SO effects for reactants/products and the values of MCR, MCP, and TS are approximated by corresponding values keeping in mind the Hammond's postulate. Adopting such strategy will lead to results without significant loss of accuracy and big computational savings.
The rate coefficient k for the different abstraction pathways involves a hydrogenbonded adduct. It was initially analyzed according to the scheme advocated by Singleton and Cvetanovic [86] for prereactive complexes. We assume here that the reaction occurs according to the following two-step mechanism:
involving a fast pre-equilibrium between the reactants and the prereactive complex MCR, followed by an abstraction leading to the postreactive complex and the products. For steady-state conditions applied to Reacts. (a-c), the effective reaction rate r is:
where k is the overall rate constant for each studied pathway following the above mechanism. k can be written as
Even though the energy barrier for k b is about the same size as that for k c , the entropy change is much larger in the reverse reaction (b) than in the reaction (c) going to the transition state. Thus, k b is expected to be considerably larger than k c , k can be rewritten as
where K a,b is the equilibrium constant between the isolated reactants and the prereactive complex MCR. Applying basic statistical thermodynamics principles for the calculation of the equilibrium constant of the first step (K a,b ) and the classical TST formula [87] [88] [89] to calculate k c :
where Q R (T ), Q MCR (T ) and Q TS (T ) are the total partition functions of the reactants, the prereactive complex, and the TS at the temperature T , respectively. E R , E MCR , and E TS are the total energies at 0 K including the zero-point energy corrections, whereas Γ (T ) indicates the transmission coefficient used for the tunneling correction at temperature T ; k B and h are Boltzmann's constant and Planck's constant, respectively. The reaction path degeneracy is not included in this expression since the rotational symmetry numbers are already introduced in the calculation of the partition functions. The calculation of the reaction rate constants using the TST formulation given by Eq. (9) requires the proper computation of partition functions of the prereactive complex and the TS.
The rate constants of the different abstraction pathways have been calculated in two different ways for comparison purposes. In the first one (complex mechanism), the twostep mechanism described above is assumed to hold and the rate constant is obtained according to Eq. (7). In the second one (direct mechanism), it is assumed that each pathway is elemental, the formation of the prereactive complex is ignored, and the rate constant is calculated as:
It is important to note that these two expressions turn out to be identical except for the BSSE correction between reactants and the prereactive complex, which is taken into account in the complex mechanism, and the value of the tunneling factor Γ (T ), which depends on the activation barrier of the elemental process in which the atom is abstracted. Γ (T ) is calculated as the ratio of the quantum mechanical to the classical barrier crossing rate, assuming an unsymmetrical one-dimensional Eckart function barrier [90] . This method approximates the potential by a one-dimensional function that is fitted to reproduce the zero-point energy corrected barrier, the enthalpy of reaction at 0 K, and the curvature of the potential curve at the transition state.
It is important to note that the tunneling corrections obtained by an unsymmetrical Eckart potential are just approximations based on a one-dimensional representation of the surface and on an a priori assumption of the shape of the barrier. More sophisticated and computationally demanding algorithms such as the ones developed by Truhlar [91] [92] [93] [94] [95] [96] [97] and Miller [98, 99] should be used if more accurate results are necessary. In these methods, detailed knowledge of the reaction path is needed, making the computation of tunneling corrections of relatively large electronic structure systems such as the ones containing heavy halogenated atoms very time-consuming. Given that the purpose is to develop a set of relatively inexpensive methodologies leading to a quantitative description of the kinetics of hydrogen abstraction reactions of haloalkanes by OH radicals, the use of approximated methods such as Eckart corrections stills adequate for the purpose of this work.
The existence of the complex in the entrance channel means that there are several rotational and vibrational energy levels from where tunneling may occur. We have assumed in the complex mechanism that a thermal equilibrium distribution of rovibrational energy levels is maintained, which corresponds to the high-pressure limiting behavior, and that all these levels, from the bottom of the well of the complex up to the top of the barrier, contribute to tunneling [100] . On the contrary, at low pressure limit, the lack of collisional stabilization causes that none of reactant complexes can reach energies below reactants, and the Γ (T ) value is the same as when tunneling is calculated from the isolated reactants. Accordingly, the difference between high (complex mechanism) and low (direct mechanism) pressure limit rate constants arise not only from the value of Γ (T ) but also from the BSSE correction, which is present in the calculation of K a,b (complex mechanism). Although quenched adducts (MCR) are so weak that they could form in vanishingly small concentrations, they are probably not stabilized under atmospheric conditions. The most appropriate kinetic treatment should be the case of the low-pressure limit (direct mechanism). We present in this paper however both approaches (complex and direct mechanisms) for comparison purposes.
The GPOP program [101] was used to extract information from Gaussian output files, to estimate the Eckart tunneling corrections, and to do the rate constants calculations over the temperature range of interest. Table 2 lists the essential structural parameters and imaginary vibrational frequencies calculated for the transition states and molecular complexes at the MP2/cc-pVTZ level a The L parameter is defined as the ratio of the increase in the length of the bond being broken and the elongation of the bond being formed, each with respect to its equilibrium value in the reactant and the product.
Results and discussion

Geometries and vibrational frequencies
of theory. More detailed information regarding optimized geometric parameters (reactants and products), optimized Cartesian coordinates (transition states and molecular complexes), vibrational frequencies (reactants, transition states, molecular complexes and products), and literature enthalpy of formation at 298 K are presented in Tables 1S-7S of the supplementary material.
Transition states
The H-abstraction reaction from CH 2 IBr by OH radicals is characterized by two different transition structures (TS Hab, Brside and TS Hab, Iside ) with an intermolecular bond between the H atom from the hydroxyl radical and the halogen atom (either Br or I). The intermolecular bond lengths H· · ·Br in TS Hab, Brside and H· · ·I in TS Hab, Iside were estimated to be about 3.106 and 3.271 Å, respectively. Both transition structures exhibit a nearly linear OHC bond angle (165.2 and 168.1
• in TS Hab, Brside and TS Hab, Iside , respectively). The MP2/cc-pVTZ level of theory predicts a relatively early transition state on the potential energy surface, where the breaking C-H bond is stretched by only a small amount from its equilibrium value in CH 2 IBr (1.082 Å), while the forming O-H bonds are still relatively long (1.319 Å in both transition structures) compared to the equilibrium value in H 2 O (0.959 Å). The main change in the geometrical structure of the transition state can be characterized by the L parameter, defined as the ratio of the increase in the length of the bond being broken and the elongation of the bond being formed [102] . This parameter provides a reliable measure of the reactant-or product-like character of the concomitant transition state. Large L values correspond to product-like transition states, while smaller values correspond to reactant-like TSs. The calculated values of the L parameter are 0.272 and 0.275, which are much smaller than 1. The TS structures are indeed reactant-like. This is in agreement with Hammond's postulate [85] , which predicts a product-like character for the transition state when the reaction is endoergic and a reactant-like character with an exoergic reaction.
The Br-or I-abstraction reaction from CH 2 IBr by OH radicals is characterized by transition structures (TS Brab and TS Iab ) with nearly linear OBrC and OIC bond angles (156.6 and 158.1
• , respectively). The MP2/cc-pVTZ level of theory predicts a relatively late transition state on the potential energy surface, where the breaking C-Br and C-I bonds are stretched by a large amount (2.272 and 2.531 Å in TS Brab and TS Iab , respectively) from its equilibrium value in CH 2 IBr (1.916 and 2.122 Å for the C-Br and C-I bonds, respectively), while the forming O-X bonds are about the same (1.830 and 1.988 Å in TS Brab and TS Iab , respectively) as the equilibrium values in HOBr (1.825 Å) and HOI (1.992 Å).
In all transition states, the eigenvector in the vibrational mode corresponding to the imaginary frequency is primarily a motion of the atom being transferred (H, Br, or I) between the C and the O centers.
Molecular complexes
The IRC calculations at the MP2/cc-pVTZ level of theory have revealed that the minimum energy pathways connect the TSs to loosely bound van der Waals complexes in both the forward and backward directions. ) . When the oxygen atom from the hydroxyl radical approaches the bromoiodomethane, it forms an intermolecular bond I-O of 3.249 Å. On the product side, the structure of MCP Iab has been determined with an intermolecular bond C-I of 3.031 Å.
H-abstraction pathway. TS
Energetics
The electronic binding energies for molecular complexes, barriers and overall reaction energies are collected in Tables 3-5 for the H-, Br-, and I-abstraction pathways, respectively (indices cp and cf stand for counterpoise and continued fraction corrections, respectively). First, let us mention, that in all single point energy calculations, the absolute values of the single-and double-excitation amplitudes were below 0.1, confirming the applicability of the CCSD(T) single-reference based ROHF approach. Second, it is worth noticing that the influence of the spin-adaptation on the barrier heights is quite important. The inclusion of the spin-adaptation in the calculation of the T 2 amplitudes increases the barrier heights by about 4 to 6 kJ mol −1 , which is of the same order as the chemical accuracy.
The addition of ZPE and spin-orbit corrections to the electronic energies does show uniform trends. As shown in Tables 3-5 , they tend to destabilize slightly the molecular complexes (H-, Br-, and I-abstraction pathways). The destabilization ranges, for example, from 2.79 kJ mol −1 (MCP Hab, Brside complex formation) to 7.06 kJ mol −1 (MCP Iab complex formation). Similar trends are observed for transition states involved in the Br-and I-abstraction pathways with destabilization effects ranging from 5.13 kJ mol −1 (forward activation barrier in the I-abstraction pathway) to 11.65 kJ mol −1 (reverse activation barrier in the I-abstraction pathway). Concerning the H-abstraction pathway, the opposite trend is noticed with stabilization effects ranging from −5.67 kJ mol −1 (forward activation barrier on the I side) to −5.12 kJ mol −1 (reverse activation barrier on the Br side).
The compensation of the BSSE including geometry relaxation is only modest (in the range of 1.93 to 3.43 kJ mol −1 ), below the required chemical accuracy threshold. It indicates that the ANO-RCC basis set is quite close to saturation, at least for the application in the reactivity of iodine related species. Goodson's extrapolations recipe to FCI modifies all the elementary steps slightly; however, the respective cf-contributions are non-negligible for the overall energy budget because they all oscillate between −1 and +3 kJ mol −1 , destabilizing both the molecular complexes and transition states. Nevertheless, it is important to minimize all errors, because the cumulative effects of missing corrections could deteriorate the prediction of the binding energies in MCR and MCP complexes.
The reaction enthalpies Δ r H
• 298 K for each abstraction pathway have been also calculated using the literature heats of formation Δ f H
• 298 K of the species of interest (see Table 7S , supplementary material, for data and relevant references). Several values have been reported in the literature concerning the standard enthalpy of formation at 298 K for CH 2 IBr: the most recent data (55.0 ± 3.4 kJ mol −1 ) was derived from experimental studies using threshold photoelectron photoion coincidence spectroscopy [103] , while another one (56.8 kJ mol −1 ) was calculated at the QCISD(T)/6-311+G(3df,2p)//QCISD/6-311G(d,p) level of theory by Marshall et al. [104] . Two other values have been evaluated by Kudchadker and Kudchadker [105] and Gurvich [106] in their review (57.1 ± 20 and 60 ± 25 kJ mol −1 , respectively). Using Δ f H (66.4 ± 6.4), and (13.4 ± 7.9) kJ mol −1 for the H-, Br-, and I-abstraction pathways, respectively. The computed reaction enthalpies for the Br-and I-abstraction pathways at the CCSD(T)/ANO-RCC-L(I)//MP2/cc-pVTZ level of theory including all corrections are close to the literature values especially when considering the associated uncertainties. In the case of the H-abstraction pathway, the difference is more important between the computed Δ r H
• 298 K and the corresponding literature values. This result imply that the discrepancies could be attributed to the value used for the standard enthalpy of formation at 298 K for the mixed substituted methyl radical CHIBr in ref [104] . Using our theoretical results obtained with the ANO-RCC-L(I) basis set combined with well-established literature values of OH [83] , CH 2 IBr [103] , and H 2 O [83] , one can derive an updated value for the standard enthalpy of formation at 298 K:
Kinetic parameters calculations
The calculations of the temperature dependence of rate constants have been performed at the CCSD(T)/ANO-RCC-L(I)//MP2/cc-pVTZ level of theory including four corrections (ZPE, SO, cp, and cf) for all abstraction pathways using the two mechanisms (complex and direct abstraction as discussed in Sect. 2). Table 6 gathers our calculated values at six different temperatures (250, 300, 350, 400, 450, and 500 K). As shown in Table 6 , there are differences between the rate constants calculated using the complex mechanism and those obtained by the direct abstraction mechanism. The calculated Γ (T ) using complex and direct mechanisms together with K a,b values with and without the BSSE correction are given in the in Table 8S of the supplementary material. On one hand, it can be noticed that the BSSE correction itself tends to decrease the effective rate constant k by about one-third at 250 K to one-half at 500 K. On the other hand, it can be noticed that the Γ (T ) values calculated using the complex mechanism are greater than the ones obtained using the direct abstraction mechanism. It is worth noticing that biggest differences (higher than a factor of 2) are observed for the H-abstraction pathway (Br and I sides) at the lowest temperatures (T < 300 K). Differences between calculated rate constants using the two approaches (complex and direct mechanisms) are rather moderate (about 20 to 30% over the temperature range 300-500 K) and below the expected accuracy of rate constant calculations. As it can be seen in Table 6 , the Br-abstraction pathway is not relevant over the whole studied temperature range.
For an abstraction reaction between OH radicals and CH 2 IBr, we can define the branching ratio f CH 2 IBr X (in %) as the ratio of the rate constant for the Xabstraction pathway to that of the overall rate constant of the reaction. The branching ratios of H-abstraction (Br and I sides) and I-abstraction channels calculated using complex and direct mechanisms over the temperature range 250-500 K are gathered in Table 7 . Differences between calculated branching ratios using the two approaches (complex and direct mechanisms) are rather small. At typical atmospheric temperatures, we found that the I-abstraction exhibit very low f CH 2 IBr Iab values (a few %) indicating that it is a minor pathway. For CH 2 IBr, the H-abstraction is consistently the most important channel over the whole temperature range. It is also worth noticing that the two pathways (H ab, Brside and H ab, Iside ) are both competitive. The overall rate constant for the reaction of OH radicals with CH 2 IBr cor- responds therefore to the sum of individual relevant pathways: H-abstraction on Br side, H-abstraction on I side, and I-abstraction. The computed overall rate constants values are also given in Table 6 , while Fig. 1 [20] in his review dealing with the atmospheric chemistry of organic bromine and iodine compounds.
Atmospheric lifetime
Reactions with hydroxyl radicals in the troposphere constitute the main removal pathways of hydrogen-containing compounds. Following Prather and Spivakovsky [107] , we can estimate the atmospheric lifetime of CH 2 IBr due to its reaction with hydroxyl radicals in the troposphere as: equal to 5.9 years was used, which was obtained following the procedure used by Prinn et al. [109] from the measured lifetime of CH 3 CCl 3 , τ CH 3 CCl 3 = 4.8 years, taking into account partial lifetimes due to ocean loss of 85 years and to stratospheric loss of 37 years. Table 8 shows the results of this prediction as well as those obtained for a set of dihalomethanes of type CH 2 XY by Louis et al. [110] andŠulková et al. [45] . For the reaction of OH with CH 2 IBr, we estimate the atmospheric lifetime to be either 1.32 years using the complex mechanism or 1.14 years using the direct mechanism. These values are close to the ones obtained in our recent theoretical study for CH 2 ICl and are greater by about a factor of 2 than those estimated for CH 2 Cl 2 , CH 2 ClBr, and CH 2 Br 2 . Note that the estimates of the lifetimes of these compounds do not include loss mechanisms due to photolysis, or reaction with Cl atoms. Any contribution from these sources will indeed lead to a lower actual lifetime. For the photolysis, Orlando [20] estimated the atmospheric lifetime to be 0.04 days while for the reaction of chlorine atoms with CH 2 IBr, the atmospheric lifetimes have been estimated to be 135 and 2.7 days in a global atmosphere and in the MBL, respectively. In the absence of any available experimental data, the results of our theoretical calculations confirm that in the case of CH 2 IBr, the OH reaction is not competitive with Cl reaction and photolysis.
Conclusions
We have studied gas-phase chemical reactivity of OH toward CH 2 IBr using high-level ab initio methods. The stationary points on the energy profiles determined at MP2/ccpVTZ level were recalculated using the DK-CCSD(T)/ANO-RCC level with two type of contractions for the basis sets (quadruple-ζ for H, C, O, and Br atoms; large for I atom) and corrected for the BSSE using the OVOS technique as well as refined with the extrapolation to FCI using the continued-fraction approximation. This approach was tested for iodine chemistry previously [43] [44] [45] 80] and leads to predictions within chemical accuracy.
These single-point energy calculations revealed the following:
1. The all electron DK-CCSD(T)/ANO-RCC approach performs very well in predicting the reactivity of iodine. 2. The energy profile for the Br-abstraction, in contrast to the H-and I-abstractions, exhibits a large activation enthalpy at 0 K indicating that this reaction pathway is not energetically favorable. In the case of the H-and I-abstractions, both pathways are competitive. 3. The H-abstraction is strongly exothermic (−84.4 kJ mol −1 ), while the I-abstraction is modestly endothermic (16.5 kJ mol −1 ). This is predominantly pertinent to the difference in C-H and C-I bond strengths (431 versus 239 kJ mol −1 ) [111] . The standard enthalpy of formation at 298 K is 251.4 kJ mol −1 for CHIBr. 4. Predicted rate constants based on canonical transition state theory including an asymmetrical Eckart tunneling correction are computed using two different approaches (complex and direct mechanisms) for each abstraction pathway over the temperature range 250-500 K. The overall rate constant at 298 K is estimated to be 3. [20] in his review (< 10 −13 cm 3 molecule −1 s −1 ). 5. On the basis of our calculations, the atmospheric lifetime for the OH removal process is predicted to be close to 1 year. In terms of atmospheric lifetime, the OH reaction is not competitive with the Cl reaction and photolysis processes.
Supplementary material
Optimized geometry parameters for reactants and products at the MP2/cc-pVTZ level of theory (Table 1S) , optimized Cartesian coordinates for transition states and molecular complexes (Table 2S) , calculated unscaled vibrational frequencies at the MP2/ccpVTZ level of theory (Tables 3S-6S) , literature standard enthalpy of formation at 298 K (Table 7S) , and Γ (T ) and K a,b calculated at six different temperatures for both complex and direct abstraction mechanisms (Table 8S ).
